We have screened 47 locked nucleic acid (LNA) antisense oligonucleotides (ASOs) targeting conserved (>95% homology) sequences in the hepatitis C virus (HCV) genome using the subgenomic HCV replicon assay and generated both antiviral (50% effective concentration [EC 50 ]) and cytotoxic (50% cytotoxic concentration [CC 50 ]) dose-response curves to allow measurement of the selectivity index (SI). This comprehensive approach has identified an LNA ASO with potent antiviral activity (EC 50 ‫؍‬ 4 nM) and low cytotoxicity (CC 50 >880 nM) targeting the 25-to 40-nucleotide region (nt) of the HCV internal ribosome entry site (IRES) containing the distal and proximal miR-122 binding sites. LNA ASOs targeting previously known accessible regions of the IRES, namely, loop III and the initiation codon in loop IV, had poor SI values. We optimized the LNA ASO sequence by performing a 1-nucleotide walk through the 25-to 40-nt region and show that the boundaries for antiviral efficacy are extremely precise. Furthermore, we have optimized the format for the LNA ASO using different gapmer and mixomer patterns and show that RNase H is required for antiviral activity. We demonstrate that RNase H-refractory ASOs targeting the 25-to 40-nt region have no antiviral effect, revealing important regulatory features of the 25-to 40-nt region and suggesting that RNase H-refractory LNA ASOs can act as potential surrogates for proviral functions of miR-122. We confirm the antisense mechanism of action using mismatched LNA ASOs. Finally, we have performed pharmacokinetic experiments to demonstrate that the LNA ASOs have a very long half-life (>5 days) and attain hepatic maximum concentrations >100 times the concentration required for in vitro antiviral activity.
Hepatitis C virus (HCV) infection is a major cause of liver disease, with Ͼ170 million infected people worldwide being at risk from liver failure and hepatocarcinoma. Current standard of care (SOC) using pegylated alpha 2a interferon (IFN-␣2a)-ribavirin is failing 40 to 50% of treated HCV patients, so new therapies are urgently required. New directly acting antiviral therapies for hepatitis C are becoming available, but these will eventually fail many HCV patients due to emerging drugresistant mutations in HCV strains (6, 7) . HCV genomic RNA is an attractive antiviral target because it holds genetic information for viral proteins and contains regions of highly conserved sequence required for HCV replication/translation. Many groups have identified antisense oligonucleotides (ASOs) capable of inhibiting HCV RNA replication and viral polyprotein synthesis in vitro. Clinical trials on chronically HCV-infected patients show that modified ASOs targeting HCV can result in Ͼ2-log-unit decreases in viral loads, although the mechanism driving clinical antiviral activity has yet to be fully validated as antisense (14, 28, 33) . Moreover, locked nucleic acid (LNA) represents a new generation of ASOs with improved affinity of binding to RNA targets, increased sequence specificity, greater biostability against nucleases, and reportedly lower toxicity (3, 15, 22, 37, 40) .
HCV is a positive-strand RNA virus with a linear genome of ϳ9,500 nucleotides (nt). Different isolates show considerable nucleotide variability, leading to the division of HCV genomes into many different genotypes and subtypes, including the most clinically relevant HCV genotypes, 1a and 1b. In all genotypes, the viral RNA contains a large open reading frame that encodes a polyprotein precursor of ϳ3,020 amino acids, giving rise to core (C), envelope (E1, E2), and nonstructural (NS2 to NS5b) proteins. The coding sequence is preceded by a 5Ј noncoding region of ϳ340 nt (highly conserved among all HCV genotypes and subtypes) and folds into a stable secondary structure, serving as an internal ribosomal entry site (IRES), essential for efficient translation of the viral proteins (36) . Studies using a cell-based HCV replication system (replicon model) have revealed that a host microRNA (miR-122) plays a positive role in HCV replication in vitro and is recruited directly to a 25-to 40-nt region in the IRES via two adjacent binding sites at 23-CACUCC-28 and 38-CACUCC-43, respectively (19, 23) . LNA-based oligomers have been used to target miR-122 in primates, and these studies demonstrated that effective doses of LNA-based ASOs can be delivered to the liver for 12 weeks with no adverse effects (12, 25) .
We have generated a set of 47 LNA ASOs directed against highly conserved HCV sequences and developed a mediumthroughput 96-well microplate-based, reverse transfection protocol using the well-characterized HCV subgenomic replicon system (9B replicon cells described in reference 13) to generate full dose-response curves for both antiviral and cytotoxic activities. To alleviate the logistical hurdles for this extensive dual primary screen, multiple vials of 9B replicon cells were stored frozen and individual vials were thawed immediately prior to transfection. The antiviral activities of the LNA ASOs were measured via a luciferase reporter that correlates with replicon replication. Each LNA ASO was titrated from ϳ1 M to 0.3 nM, and ASO concentrations required to produce a 50% inhibition in replicon activity (50% effective concentration [EC 50 ]) and the concentrations required to produce a 50% reduction in cell viability (50% cytotoxic concentration [CC 50 ]) were calculated. The ratio of CC 50 /EC 50 gives the in vitro selectivity index (SI), providing a metric for LNA ASO-specific anti-HCV activity.
Any hits from the primary screen using frozen/thawed 9B replicon cells were analyzed using freshly passaged 9B cells to confirm antiviral activity. Mismatch ASOs were used to validate the antisense mechanism of action (MoA) before extensive optimization of the initial hit ASO, including a 1-nucleotide walk through the target region and comprehensive evaluation of alternative LNA ASO formats (gapmer, mixomer, different lengths). These different formats were assayed for both antiviral activity and pharmacokinetic (PK) properties (tissue loading and half-life [t 1/2 ]). In summary, this is the first report showing a comprehensive walkthrough of the HCV IRES using LNA-based ASOs.
MATERIALS AND METHODS

Cells.
The Huh-7 cell clone 9B replicon containing I 389 /NS3-3Ј/LucUbiNeo-ET has been described previously (13) . Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 22 U penicillin G/ml, 220 g/ml streptomycin, 1 mM sodium pyruvate, 2 mM glutamine, and 0.5 mg/ml G418. Frozen 10 7 -cell aliquots of these cells were prepared by GE Healthcare and stored in liquid nitrogen prior to use.
Generation of LNA ASOs. All LNA ASOs were synthesized by Exiqon A/S (Denmark) and dissolved in 10 mM Tris, pH 7.5-1 mM EDTA.
Generation of antiviral EC 50 and CC 50 data. EC 50 potencies were generated using a lipofection reverse transfection protocol using transfection reagent (Dharmafect3; Dharmacon, United Kingdom) on 9B replicon cells cultured in 96-well plates in the presence of 750 nM stuffer DNA (5Ј-GACCACTTGCCA CCCATC-3Ј). A 100 M stock solution of test ASO LNA was diluted in a 1/3 dilution series in buffer (3 M stuffer DNA in OptiMEM [Gibco] ) and incubated with an equal volume of 1% transfection reagent-OptiMEM for 20 min at room temperature. An equal volume of 9B replicon cell culture (density, 3 ϫ 10 5 cells/ml in 2ϫ medium) was added, and the mixture was incubated for 40 h at 37°C in a humidified atmosphere with 5% CO 2 . An equal volume of luciferase assay reagent (BritelitePlus; Perkin Elmer) was added, and the chemiluminescence was quantified using an Envision 2104 multilabel plate reader (Perkin Elmer). The negative control for inhibition activity was measured in the absence of added LNA ASO. The percent inhibition of replicon activity by each ASO relative to that of 10 IU IFN-␣2a (100% positive control for antiviral activity) was then calculated after background correction. For reverse transcription-PCR (RT-PCR) experiments, total RNA was extracted (RNAeasy; Qiagen) and firststrand cDNA was synthesized using reverse transcriptase (cDNA Archive; Applied Biosystems). Quantitative PCR was performed using TaqMan universal PCR master mix (Applied Biosystems), HCV replicon forward primer (5Ј-TCC CGGGAGAGCCATAGTG) and reverse primer (5Ј-GGCATTGAGCGGGTT GATC), and a 6-carboxyfluorescein-labeled probe (5Ј-CCGGAATTGCCAGG ACGACCG). Parallel reactions using the actin probe set (4326315E; Applied Biosystems) were also set up. Reactions were performed using an Applied Biosystems 7900 HT apparatus.
CC 50 cytotoxicity measurements of LNA ASO transfections were generated using the same transfection protocol described above. After 40 h incubation, 10 l WST-1 reagent (catalog no. 11644807; Roche Applied Science) was added to each well and the plate was incubated for 1 h. The plate was read at 430 nm in a Perkin Elmer plate reader. The LNA ASO cytotoxic activity was calculated as a percentage of total maximum toxicity, measured using a final assay concentration 100 M cycloheximide as a positive control. The negative control for the cytotoxicity assay was measured in the absence of LNA ASO. The percent cytotoxic effect of LNA ASO transfection was then calculated as a percentage of that for the positive 100 M cycloheximide control after background correction.
Pharmacokinetic analysis. CD-1 mice were dosed by intravenous (i.v.) bolus injection with oligonucleotide prepared in sterile filtered phosphate-buffered saline (pH 7.4) at a concentration of 0.5 mg/ml (dosing volume, 10 ml/kg of body weight). Mice were euthanized at 1, 7, 24, 72, 120, and 168 h. Liver and kidneys were harvested from each animal at necropsy and immediately frozen on dry ice. Samples were stored at Ϫ80°C prior to analysis. All experiments with animals were carried out in compliance with United Kingdom legislation and were subjected to local ethical review.
Tissue samples were analyzed for LNA ASOs using a modified high-performance liquid chromatography (HPLC) and tandem mass spectrometry (MS/MS) approach developed within our facilities for oligonucleotide quantitation (submitted for publication). In brief, tissue samples were diluted 1:4 (wt/vol) in sterile water and homogenized in a Precelly 24-cell disrupter (Bertin Technologies). Aliquots (100 l) were used for analysis alongside calibration standards (0.05 to 100 g/g) and quality control (QC) samples (0.1, 5, and 50 g/g) prepared in blank tissue homogenate, and a 16-mer internal standard was added from the LNA ASO series. Samples were diluted with 500 l 5% ammonium hydroxide, 10 l 1 M dithiothreitol, and 100 l phenol-chloroform solution (2:1, vol/vol) containing 1 mM Ϫ4-(4-diethylaminophenylazo)-1-(4-nitrobenzyl)-pyridinium bromide and then mixed thoroughly. Following centrifugation, the aqueous fraction was removed and further washed in 200 l dichloroethane, before being isolated again and dried under nitrogen at 50°C. The residue was reconstituted in 100 l 8 mM triethylamine (TEA) prior to injection of 20-l aliquots.
The HPLC separation was performed using a C 18 monolithic column (2 by 50 mm; Onyx; Phenomenex) at 60°C and operating with a flow rate of 0.25 ml/min. The aqueous mobile phase was 8.6 mm TEA and 200 mM heptafluoroisopropanol, which acted as the ion pair reagents, and the analytes were eluted using methanol applied as a gradient from 10 to 35% over 6 min. The column was washed in 95% methanol for 1 min and then reequilibrated for 3 min. The analytes were monitored with an AB Sciex API 4000 Qtrap mass spectrometer operated in negative ion mode with an electrospray ionization interface. , and [M-9H] 9Ϫ charge states of the parent LNA ASO nominal mass, all fragmented to the singular m/z 95 phosphorothioate (PS) daughter ion, were monitored and summed together during the peak integration process. The collision energy was Ϫ125 eV, and the ion source was set at 450°C. Under these conditions, each assay had a lower limit of quantitation of approximately 50 ng/g tissue for the LNA ASO analyzed. The level of interassay precision (coefficient of variation) demonstrated with QC replicates in liver and kidney (n ϭ 4) ranged from 1 to 14%, whereas the QC accuracy ranged from 93 to 109%. Data were analyzed using the WinNonLin (version 5.2) program (Pharsight) and noncompartmental analysis to derive basic pharmacokinetic parameters from tissue data.
RESULTS
Screening of an LNA ASO library targeting HCV sequences to generate SI values. We have generated LNA ASOs targeting all IRES sequences (from 1 to 350 nt using an 8-nucleotide overlap) and, additionally, all highly conserved (Ͼ95% homology) HCV sequences outside the IRES. The format of the individual LNA ASOs and the corresponding HCV nucleotide regions targeted are given in Table S1 in the supplemental material. The majority of ASOs were 16-mers using a 4-8-4 gapmer format (two terminal regions of 4 LNA-modified nucleotides flanking a central region of 8 DNA nucleotides), although we included all-LNA ASOs for the highly conserved HCV regions of Ͻ11 nucleotides in length and alternative gapmer formats to target regions of between 12 and 16 nucleotides. Each ASO was screened at 650 nM to 0.3 nM for both antiviral activity and general cytotoxicity using a modified reverse transfection plate-based procedure. To ensure uniform transfection conditions across all different ASO concentra-tions, we maintained a fairly constant (Ͻ2-fold change) oligonucleotide concentration across all points of the dose-response curve by adding a fixed amount of stuffer oligonucleotide. The 9B subgenomic HCV replicon cell line was used in all assays (13) .
To validate the specificity of our screening approach, we included several negative and positive-control LNA ASOs in our library. A nonspecific negative-control ASO was inactive in our replicon assay, having neither antiviral activity nor cytotoxic activity using either the 4-6-4 or 4-8-4 format (sequence codes [seqCODEs] CONT-14 and CONT-16, rows 1 and 2, respectively; Table 1 ). Similarly, two positive-control ASOs targeting the firefly luciferase sequences of the 9B replicon, also using either the 4-6-4 or 4-8-4 format, were added to the library and were identified to be nontoxic active hits (seqCODEs LUC-14 and LUC-16, rows 3 and 4, respectively; Table 1 ). We observe a slight 3-to 4-fold increase in potency using the 4-8-4 format. It has been reported that the efficacy of target RNA cleavage improves with increasing gapmer size, giving ϳ100% cleavage with a gap of 8 nt (24) .
The LNA ASO library was constructed using a PS backbone to maintain the RNase H compatibility of the ASO, take advantage of the improved serum protein binding properties over those of a phosphodiester (PO) backbone (these properties reduce renal excretion and increase coverage of liver tissue), and improve nuclease stability (3) . Where the conserved sequences were Ͻ16 nt, the ASOs were all-LNA to assess whether translational arrest could be a possible mechanism for antiviral activity. The ASO gapmers were generated with a melting temperature (T m ) of Ͼ60°C with an upper limit of Ͻ90°C (to reduce nonspecificity). The self-hybridization score was generally Ͻ40°C and at least 30°C below the T m . The difference between the score for hybridization to the target and self-hybridization was at least 40°C.
Forty-seven ASOs were screened in the 9B replicon cell line at n ϭ 2 ( Table 1 , rows 5 to 53), and seven hits with SIs of Ͼ10 were identified: five hits targeting NS5a (seq600, seq601, seq602, seqT22, and seq146, rows 46, 43, 44, 47, and 50, respectively, in Table 1 ) and two hits targeting IRES (seq132 and seq207-250a, rows 6 and 25, respectively, in Table 1 ).
Follow-up titrations using freshly passaged replicon cells revealed that most of the hits exhibit dose-response curves with maxima of Ͻ100% (see Fig. S1 in the supplemental material). Only the seq132 ASO exhibited reproducible, potent antiviral (4 nM) activity with no cytotoxicity (Ͼ880 nM) and a Ͼ95% maximal asymptote for the dose-response curve in the replicon assay ( Fig. 1 ). In addition, we also used an RT-PCR assay readout using replicon-directed probe-primer pairs to demonstrate that seq132 transfection resulted in the dose-dependent loss of replicon RNA at a similar potency with an EC 50 of ϳ12 nM (Fig. 1) .
We note that the SI for seq132 obtained when seq132 is transfected into freshly passaged replicon cells is improved over that when it is transfected into the frozen/thawed cells used in the primary screen (SI Ͼ 100 in Fig. 1 compared to SI Ͼ 18 in row 6, Table 1 ). This improved SI results from the reduced cytotoxicity observed when freshly passaged replicon cells are used in the follow-up assay (CC 50 Ͼ 210 nM) and frozen/thawed replicon cells are used in the primary screen (CC 50 Ͼ 50 to 100 nM). Our results showed that the logistical advantage of using frozen/thawed cells for initial screening was partially offset by slightly increased susceptibility (ϳ3-fold) to cytotoxicity.
Validation of antisense mechanism of action. To confirm the antisense mechanism of action for LNA ASO seq132, we synthesized analogues of seq132 containing 1, 2, or 3 mismatches to the 25-to 40-nt HCV target sequence. Figure 2 shows that efficacy is reduced after 1 mismatch and is completely inactive after 2 mismatches. Similar results were obtained using the frozen/thawed cells in the primary screen (rows 52 to 55, Table  1 ). The apparent increase in activity at 3 mismatches is driven by the nonspecific toxicity emerging as the LNA ASO sequence loses specificity for the 25-to 40-nt target region.
Optimization of target sequence and LNA ASO format. We optimized the LNA ASO sequence using a 1-nucleotide walk through the sequences surrounding the 25-to 40-nt binding site for seq132 (Fig. 3) . Twenty-one LNA ASOs were synthesized and screened in the replicon assay to measure both CC 50 s and EC 50 s. This approach identified two LNA ASOs with 2-to 3-fold increased potency relative to that of the original seq132 hit (Fig. 3) . The boundaries of the target sequences were remarkably precise, with log-unit-fold drops in antiviral activity caused by a 2-nt shift (for example, the EC 50 for seq29 to seq44 is 5 nM, whereas that for seq31 to seq46 is Ͼ50 nM; Fig. 3 , bottom panel).
We then studied the effect of changing the format of seq132. The gapmer format was altered by increasing the terminal LNA regions from 2 nucleotides to 5 nucleotides, with the corresponding central LNA-free core being reduced from 12 to 6 nucleotides to generate an expanded family of ASOs, including all DNA (seq132d), a mixomer (seq132e), 2-12-2 (seq132f), 3-10-3 (seq132g), 5-6-5 (seq132h), all LNA (seq132i), and a 12-mer 2-8-2 (seq132j). The mixomer contains 50% LNA bases randomly across the ASO. These analogues were transfected into freshly passaged 9B replicon cells, and the all-LNA and mixomer formats for seq132 were shown to have lost antiviral potency (seq132e and seq132i in Fig. 4 ). Both these formats of ASO are refractory to RNase H activity (3, 5, 15, 24) . The 3-10-3 format showed potent antiviral activity (seq132g in Fig.  4 ) that was on a par with that of the original 4-8-4 format for seq132, confirming the requirement for an internal non-LNA-RNA heteroduplex to act as a substrate for RNase H and subsequent RNA degradation. These ASOs were also screened using the 9B primary-screen frozen/thawed transfection protocol, with essentially identical results (rows 55 to 61, Table 1 ).
We note that the 25-to 40-nt regions of clinically relevant HCV subtypes gt1a and gt1b differ at nucleotide positions 35 and 36, which read A 35 G 36 in gt1a and G 35 A 36 in gt1b (Fig. 3) . Further sequence analyses reveal that HCV subtype gt2a has an additional change in this region (namely, A 29 to G 29 ), making a total of 3 mismatches between gt1b and gt2a. We obtained both HCV gt1a and gt2a subgenomic replicons (4, 21) to assay the antiviral activity of ASO seq132. Figure 5 shows that seq132 has reduced potency and efficacy against HCV sequences containing mismatches in the 25-to 40-nt region. In an attempt to generate a single LNA ASO capable of antisense activity in both gt1a and gt1b HCV, we generated analogues of seq132 in 4-8-4 gapmer format containing either abasic residues or promiscuous bases (inosine) at the ASO position corresponding to the G 35 A 36 in the target region. 
No summarized data 58 seq132g 4.68 (0.00879-2,500, n ϭ 2) Ͼ520 (n ϭ 2) Ͼ111 59 seq132h 7.26 (0.00136-38,800, n ϭ 2) Ͼ520 (n ϭ 2) Ͼ71.7 60 seq132i Ͼ520 (n ϭ 2) Ͼ330 (1.01-107,000, n ϭ 2) ϳ0 61 seq132j Ͼ72.4 (0.0354-148,000, n ϭ 3) Ͼ202 (9.74-4,180, n ϭ 4) ϳ0 62 seq401 Ͼ159 (33.6-754, n ϭ 4) 199 (90.6-439, n ϭ 4) 1.25 63 seq400 Ͼ405 (137-1,190, n ϭ 3) Ͼ520 (n ϭ 3) ϳ0 64 seq500 123 (0.124-122,000, n ϭ 2) Ͼ278 (0.0991-781,000, n ϭ 2) Ͼ2.27
a The seqCODEs correspond to the identity of individual ASOs described in the text. SI is the ratio of CC 50 /EC 50 . An SI value of ϳ0 indicates that ASOs lack both antiviral activity and cytotoxic activity. The 95% confidence limits are given in parentheses; n refers to the number of separate repeats for each experiment to generate confidence limits. These values were generated by the in-house Pfizer database SIGHTS.
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on July 8, 2017 by guest http://aac.asm.org/ that the abasic analogue (seq400) was completely inactive, whereas the inosine analogue (seq500) had much reduced antiviral activity compared to that of seq132 (EC 50 ϭ 100 nM; rows 63 and 64, respectively, Table 1 ). Effect of different gapmer/mixomer formats on pharmacokinetic properties of seq132. The seq132 LNA ASO analogues used for the experiment whose results are shown in Fig. 4 were also used to dose mice with a single i.v. bolus at 5 mg/kg. LNA ASO liver and kidney levels were measured over a time course of up to 7 days by LC-MS/MS (chromatograms of the extracted ASO are shown in Fig. S2 in the supplemental material) . Figure 6 shows that the all-LNA format (seq132i) is absorbed better than all other formats, both in liver and in kidney, with maximum concentrations (C max s) being equal to 71 and 73 g/g, respectively ( Table 2) . The liver C max s for all other remaining ASO formats range from 2 to 8 g/g liver, with the C max for the 12-mer version (seq132j) being at the lower end of the range ( Fig. 6 ; Table 2 ). The kidney C max s for all seq132 ASO formats are in the range of 17 to 33 g/g and are therefore uniformly greater than liver C max s, especially with regard to the 12-mer version (seq132j), with a kidney C max 15-fold higher than that observed for liver. This could be driven by the fact that shorter oligonucleotides are known to have lower plasma protein binding capability, and therefore, a larger proportion of the dose will pass through the glomerulus and into the proximal tubules, where the majority of oligonucleotide is reabsorbed. Once in the liver and/or kidney, most LNA-containing seq132 analogs have roughly the same half-life (Ͼ5 days), with the exception of the 2-12-2 analog (seq132f), which is cleared at a higher rate, similar to that for the all-DNA format (seq132d) ( Table 2) .
DISCUSSION
This is the first report showing a comprehensive walk through of the conserved HCV genome using LNA-based ASOs in the subgenomic replicon system. We highlight three important points: (i) the unveiling of a new IRES binding site accessible to antisense oligomers; (ii) the stringent requirement for RNase H activity for the antiviral mechanism, providing insight into the function of miR-122 binding to the IRES and into the HCV life cycle; and (iii) the advantages and disadvantages of an anti-HCV therapeutic modality based on LNA ASOs, including the favorable pharmacokinetic properties of seq132. We also present our data in the context of recent publications showing the antiviral activity of an LNAbased oligonucleotide (SPC3649) targeting miR-122 (25).
Our results have identified a new target site for LNA-based HCV therapeutics. Of the 47 LNA ASOs used in this primary screen, over a third showed significant cytotoxicity (defined as a CC 50 of Ͻ100 nM). Of the remaining 30 noncytotoxic ASOs, 14 showed some degree of antiviral activity (potency, Ͻ400 nM), of which 7 ASOs had an SI of Ͼ10, including 5 targeting NS5b and 2 targeting the IRES. The low number of hits suggests that the stem-loop structures of the IRES are refractory to invasion by LNA ASO, despite the superior T m values of LNA-based chemistries. Our data might indicate that the kinetics and the thermodynamics of ASO hybridization might be severely attenuated when a high energetic cost is required to unfold secondary structure of the target RNA sequences: the increase in enthalpy from LNA-RNA heteroduplex formation may not compensate for the cost of unwinding RNA-RNA stem-loop structures (27) . Alternatively, taking into account the biochemical functions of the IRES, any antisense sequence invading the structure would likely be facing quarternary ribonucleoprotein structures, imparting further thermodynamic barriers on efficacy.
Follow-up titrations using freshly passaged replicon cells revealed that the seq132 ASO exhibited reproducibly potent antiviral activity (4.1 nM; 95% confidence limits, 2.89 to 5.74 nM at n ϭ 24) with low cytotoxicity (Ͼ880 nM in Fig. 1, 2 , and 4) and a Ͼ95% maximal asymptote for the dose-response curve in the replicon assay. In addition, we used an RT-PCR readout using replicon-directed probe-primer pairs to demonstrate that seq132 transfection resulted in the dose-dependent loss of replicon RNA. Finally, we demonstrated the sequence specificity for the seq132 mechanism of action by showing that two mismatches result in complete negation of antiviral activity, as expected for antisense modalities. were transfected with increasing concentrations of seq132 ASO as described in Materials and Methods. After 48 h, the luciferase activity (empty circles) and cytotoxicity (filled triangles) were measured. Antiviral activity was expressed as the percentage of HCV replicon inhibition relative to that achieved with 10 IU/ml IFN-␣2a and was plotted against the seq132 concentration. Nonlinear regression analysis was used to calculate each EC 50 using GraphPad Prism software (version 5.01). Error bars represent the range of duplicate data points. Results of a representative experiment using freshly passaged replicon cells are shown. This experiment was performed Ͼ10 times, with similar results each time. The EC 50 and CC 50 values shown in the inset are from 25 experiments, including experiments in both freshly passaged and frozen/thawed cell experimental formats, and include 95% confidence limits. (Bottom panel) 9B replicon cells transfected as described for the top panel were lysed for RT-PCR analysis using a replicon-specific probe/primer pair (empty circles). The data were corrected for actin expression, and percent inhibition relative to that achieved with 10 IU/ml IFN-␣2a treatment was calculated and plotted against seq132 concentration. This experiment was independently performed three times, with similar seq132 potencies each time. Nonlinear regression analysis was used to calculate each EC 50 using GraphPad Prism (version 5.01). Error bars represent the range of duplicate data points.
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on July 8, 2017 by guest http://aac.asm.org/ Previous studies aiming to select ASOs targeting conserved IRES sequences have not identified the 25-to 40-nt region as a priority target region but instead have pointed to other IRES regions, namely, the region around stem-loop III and the region around the initiation ATG codon (1, 2, 16, 27, 41) . In some of these studies, the authors have omitted the 25-to 40-nt region from the experimental system (1, 2, 16 ). The remaining studies had used in vitro translation systems, and both sets of studies concluded that the IRES sequences flanking the initiation ATG were optimal (27, 41) . It was surprising that we did not select ASOs targeting loop IIId (250 to 280 nt) or the initiation codon (342 to 344 nt). Our library contained three ASOs targeting loop IIId (seq103, seq101, and seqT6) and two ASOs targeting the initiation codon region (seq92 and seq94). Table 1 shows potent antiviral activity among these ASOs but considerable cytotoxic activity, giving poor SI values of Ͻ5. These data excluded these sequences from our selection criterion of an SI of Ͼ10. We note that none of the studies mentioned above performed cytotoxicity assessments on the ASOs targeting the initiation codon. Interestingly, the non-LNA second-generation ASO ISIS 14803 targeting the initiation codon region has been used in phase 1 and phase 2 trials but showed limited efficacy and some self-resolving toxicity (14, 28, 33) .
Our results have added insights into HCV biology. miR-122 has been suggested to be required for HCV replication in vitro and is recruited directly to the 25-to 40-nt region via the two adjacent binding sites at 23-CACUCC-28 and 38-CACUCC-43, respectively (19, 23) . This binding is responsible for enhanced viral RNA synthesis and a positive stimulation effect on viral translation (17, 18, 26) . Other groups have reported additional indirect miR-122-dependent mechanisms for enhanced HCV replication (29, 38) . Finally, it is known that miR-122 modulates the levels of many different host mRNAs, some of which encode enzymes involved in lipid metabolism, possibly enhancing HCV replication in cell culture models and in vivo through these pathways (20, 42) . Figure 3 shows the ASOs used in the 1-nucleotide walkthrough study and the positions of both distal and proximal miR-122 binding sites at 23-CACUCC-28 and 38-CACUCC-43. The antiviral activity of the ASOs corresponds to the hy-FIG. 2. 9B subgenomic replicon cells (freshly passaged) were transfected with increasing concentrations of various analogues of ASO seq132 as described in Materials and Methods. The sequences of the mismatch ASOs are shown at the bottom, where ϩ indicates LNA and * indicates phosphorothioate linkage. After 48 h, the luciferase activity (empty circles) and cytotoxicity (filled triangles) were measured, and percent inhibition relative to that achieved with 10 IU/ml IFN-␣2a was calculated and plotted against seq132 concentration. Nonlinear regression analysis was used to calculate each EC 50 using GraphPad Prism (version 5.01). Error bars represent the range of duplicate data points. These experiments were performed three times, with similar results each time. The EC 50 s in the table are shown with 95% confidence limits.
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on July 8, 2017 by guest http://aac.asm.org/ bridization footprint covering either distal or proximal miR-122 binding sites within the 25-to 40-nt region and decreases when the ASO footprint encroaches on the secondary structure of stem-loop I (on the 5Ј side of the ASO footprint) or stemloop II (on the 3Ј side of the ASO footprint). The loss of antiviral activity upon encroachment on stem-loop II is remarkably stark, with a log-unit drop in antiviral activity after only a 2-nucleotide shift. Several antiviral mechanisms are possible due to seq132 binding to the 25-to 40-nt region: (i) antagonism of miR-122 binding, (ii) blockage of the availability of the 25-to 40-nt region to partake in regulatory processes, (iii) loss of HCV sequences due to RNase H activity, and (iv) local destabilization of IRES secondary structure.
Is the seq132 antiviral MoA due to antagonism of miR-122 binding or due to loss of HCV sequences from induced RNase H activity? The RNase H-independent analogues of seq132 (mixomer and all LNA) were not antiviral in this assay, whereas the RNase H-dependent gapmer format was antivirally active. Clearly, the MoA has a requirement for RNase H, an observation compatible with the fact that replicon RNA is decreased after transfection with seq132. It is likely, therefore, that the antiviral mechanism of action is driven by RNase H-mediated HCV genome loss and is not necessarily due to blockage of miR-122 binding. Going one step further, our observation that both the all-LNA and mixomer analogues of seq132 are not antiviral in the replicon assay suggests strongly that the antiviral mechanism cannot be due to blockage of miR-122 binding because both of these ASOs can target the 25-to 40-nt region with increased affinity (higher T m ) compared with that of seq132, with the 4-8-4 gapmer format. It is interesting that the all-LNA and mixomer seq132 formats do not result in overt antiviral activity and is somewhat surprising, given the important role of miR-122 in replicon biology. One possible explanation is that occupation of both distal and proximal miR-122 sites with any incoming hybridizing nucleic acid ligand (miR or seq132 analogues) would be sufficient to maintain replicon activity (in the absence of RNase H activity). In this respect, it is interesting that occupation of this region by all-LNA or mixomer analogues of seq132 would be expected to disrupt the long-range annealing (LRA) interaction between the 25-to 40-nt region and other internal complementary sequences in the replicon RNA (11, 31) . It has recently been reported that the 25-to 40-nt region engages in LRA interactions to result in a closed IRES conformation refractory to translation. The binding of miR-122 (or oligonucleotides targeting miR-122 sites) in vitro is able to block these inhibitory regulatory LRAs, resulting in an open IRES available for translation (11) . In this manner, the RNase H-resistant mixomer and all-LNA analogues of seq132 could act as surrogates for the miR-122 role in vivo, explaining the lack of antiviral activity, despite binding to the 25-to 40-nt region.
As mentioned above, the binding of miR-122 to the IRES has been extensively studied in vitro, and there is general agreement concerning the importance for miR-122 binding sites for HCV function. However, in vivo studies highlight two somewhat counterintuitive observations: (i) the levels of miR-122 do not correlate with intrahepatic HCV copy number, and (ii) low levels of miR-122 are predictive of high levels of HCV in nonresponding IFN-treated patients (32) . One question that has not been explored is whether complete ablation of endogenous miR-122 expression blocks HCV replication, and if this After 48 h, the luciferase activity dose-response curves (two independent experiments, n ϭ 2 for each experiment) and cytotoxicity dose-response curves (two independent experiment, n ϭ 2 for each) were plotted using GraphPad Prism (version 5.01). Nonlinear regression analysis was used to calculate each EC 50 and CC 50 value from dose-response curves, and EC 50 s and CC 50 s are plotted against the ASO used for the transfection. The seqCODE labels (09-24, 10-25, etc.) on the x axis correspond to nt sequences in the 9B IRES region.
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on July 8, 2017 by guest http://aac.asm.org/ was achievable, it would be interesting to check whether the all-LNA version of seq132 could be used as an experimental tool to rescue HCV. We note that seq132 attained 95 to 98% antiviral activity, and we rarely saw 100% inhibition (defined by treatment with 10 IU/ml IFN-␣2a in our system). This is of obvious concern because one could argue that 2 to 5% of the replicons are still active and thus offer a quick route to establishing potentially resistant quasispecies within the patient. This is in contrast to other antiviral modalities, such as the modality of interferon, which gives a 100% dose-response curve using the same assay. The lack of total inhibition may be caused by a number of situations, including the possibility that (i) some cells receive a suboptimal dose of LNA, (ii) 2 to 5% of HCV replicons contain escape mutants in the target sequence (i.e., primary resistance), (iii) some cells have local defects in their antisense machinery, or (iv) physiological/functional agonism results from titrating out unknown regulatory host cell factors as levels of incoming LNA ASOs approach saturation point. Clearly, further in vivo testing in HCV disease efficacy models is required to fully understand the clinical efficacy of this modality.
Sequence analysis reveals that 94% of the clinically relevant HCV gt1b strains have a perfect match to the target region for seq132 and are therefore susceptible to therapeutic intervention. However, only 9.4% of gt1a HCV strains have a perfect match, with the majority containing the G 35 A 36 dinucleotide inverted (A 35 G 36 in gt1a sequences). On this basis, seq132 is unlikely to be 100% efficacious against this population. In attempting to design a pan-HCV version of seq132, we introduced promiscuous inositol bases (or abasic linkages) at the corresponding positions for the dinucleotide. This approach resulted in much decreased efficacy. Several strategies could be envisaged to generate pan-HCV cover using seq132, including treating patients with chronic HCV infection with both analogues of seq132 such that gt1a and gt1b HCV strains are targeted simultaneously. 5 . 9B, 1a, and 2a subgenomic replicon cells were transfected with increasing concentrations of seq132 ASO as described in Materials and Methods. After 48 h, the luciferase activities were measured and percent inhibition relative to that achieved with 10 IU/ml IFN-␣2a was calculated. Each replicon line was tested in duplicate, and each experiment was independently repeated at least 2 times. Nonlinear regression analysis was used to calculate the EC 50 s using GraphPad Prism (version 5.01). Error bars represent the range of duplicate data points. Results of a representative experiment are shown.
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We observe C max s equal to 5 to 10 g/g mouse liver for seq132 (or ϳ1 to 2 M), representing a concentration 500 times higher than the EC 50 calculated from our in vitro experiments using the replicon cell line 9B. We note that the average HCV copy number in the HCV subgenomic replicon is 5,000 to 10,000, whereas it has been estimated that the number of HCV genomes in an infected hepatocyte in vivo is Ͻ10 copies per hepatocyte (9, 30, 34, 39) . Thus, the molarity of HCV target sites in our experimental system is much higher than that which might be encountered in vivo. We also observe a plasma halflife of Ͼ5 days, suggesting that exposure for LNA ASO modalities might indeed be on a par with that for current onceweekly dosing regimes of pegylated IFN. Assuming a 1:1 molar stoichiometry in the antisense mechanism of action, one would theoretically expect antisense modalities to be efficacious in the femtomolar range. Our data, however, reinforce observations by others that collectively point to a rate-limiting step(s), including cellular uptake, intracellular transport, and differential cellular compartmentalization, of HCV and oligonucleotide therapeutics (3, 8, 10, 25) .
Finally, we note that an LNA-based oligonucleotide (SPC3649) directed against miR-122 is capable of delivering antiviral activity (12, 25) . Lanford et al. and other investigators have shown that weekly i.v. dosing of HCV-infected chimpanzees at 5 mg/kg SPC3649 results in a virological response (VR) of a Ͼ2-log-unit drop in plasma HCV RNA levels and decreased expression of cellular mRNA carrying the miR-122 seed region (12, 25) . Partly due to these multiple effects, the Lanford group (25) had difficulty in defining whether the VR mechanism was due to a direct antagonistic effect by blockage of miR-122 binding to the 25-to 40-nt HCV region or an indirect effect due to a change in host mRNA repertoires. Of particular note, the published data for SPC3649 show a very slowly evolving VR over a period of 3 to 4 weeks. In contrast, a directly acting, specifically targeted antiviral therapy for HCV (STAT-C) induces a VR within a few days. In addition, the antagonism of miR-122 as an anti-HCV strategy is not clear-cut because it has been reported that low levels of miR-122 in liver biopsy specimens of treated patients are predictive of increased viral load and IFN treatment failure, whereas low levels of miR-122 (if it is a critical factor for HCV persistence) would be expected to increase the frequency of a VR (32) . Despite the lack of clarity surrounding the VR mechanism, the PK properties of SPC3649 (C max ϭ 25 g/ml and plasma t 1/2 ϭ ϳ20 days) are very favorable and are similar to our own PK data.
There has been some controversy regarding the safety of LNA-modified ASOs, with some studies reporting toxicity issues (35) and others showing little or no toxicity (12, 25 ). The precise mechanism by which toxicity may arise is presently unclear. As a consensus emerges on the impact of the trafficking bottleneck on oligonucleotide therapeutic efficacy, one cannot fail to consider its contribution to safety. The question remains whether in vivo cytotoxicity (if it is present) is a consequence of off-target (i.e., sequence-independent) effects. To observe on-target efficacy, an antisense LNA routinely needs to achieve liver concentrations Ͼ1,000-fold higher than the target RNA copy number. There are significant gains to be made, therefore, in resolving the cell-trafficking bottleneck in terms of both safety and dose requirement, which are of material importance to the costs of manufacturing such therapeutic modalities. Notwithstanding the requirement for further exploration of the safety, intracellular trafficking, and optimal mechanism of action for this class of therapeutics, it is important to highlight the significant practical advantages associated with their potential use as therapeutics: (i) reduced manufacturing costs compared to those of 2nd-generation ASO and biologics, (ii) favorable pharmacokinetics compared to those of small We have taken a comprehensive screening approach to identify the 25-to 40-nt region in the HCV replicon as a specific target for LNA ASO therapeutics, which have excellent in vivo hepatic exposure and a Ͼ5-day half-life. Our studies also unearth some interesting insight into the regulatory role that the 25-to 40-bp region can exert on replicon biology.
